Background: Atrioventricular valve regurgitation is a significant cause of morbidity and mortality in patients with unbalanced atrioventricular septal defect. However, knowledge of the outcomes of atrioventricular valve repair in children with unbalanced atrioventricular septal defect and univentricular physiology is limited.
Unbalanced atrioventricular septal defect (uAVSD) constitutes approximately 10% of all atrioventricular septal defects (AVSDs). 1 When biventricular repair is not feasible, these children require single-ventricle palliation (SVP), which is associated with substantial mortality and morbidity. 2, 3 Atrioventricular valve (AVV) regurgitation (AVVR) is a major cause of morbidity in these patients, with up to one third requiring an AVV procedure. 2, 3 In the setting of SVP, AVVR is a recognized risk factor for death. [4] [5] [6] Furthermore, achieving an adequate, durable AVV repair in patients with single-ventricle physiology is challenging. [7] [8] [9] [10] However, reports of AVV repair in patients with uAVSD have been limited to a few small series. 11, 12 
MATERIALS AND METHODS Patients
All patients with uAVSD who underwent SVP and required at least 1 AVVoperation at The Royal Children's Hospital, Melbourne from January 1, 1976, to January 1, 2016, were included in this study. Ethics approval was granted by The Royal Children's Hospital Human Research Ethics Committee (32047E). International patients were excluded because follow-up data were not available for this group.
Unbalanced AVSD was defined as a complete AVSD, as confirmed on echocardiography, which in the opinion of the treating team was not suitable for biventricular repair (ie, the ventricles could not be septated). The reasons for this were a hypoplastic ventricle or a straddling AVV.
Baseline data were collected by retrospective chart review. Follow-up data were obtained by correspondence with the patients' general practitioners and cardiologists. Follow-up was complete if the last confirmed patient contact occurred within 2 years of the end of the study period. Early death was defined as death occurring within 30 days of surgery or before discharge from hospital.
The degree of AVVR was graded by echocardiography on an ordinal scale (0 ¼ none, 1 ¼ trivial, 2 ¼ mild, 3 ¼ moderate, 4 ¼ severe). Significant AVVR was considered to be present when AVVR was moderate or greater.
Ventricular dysfunction was defined as moderate or greater dysfunction of the dominant ventricle as reported on echocardiography immediately before AVV repair. The mechanism of AVVR was determined by reviewing preoperative and intraoperative echocardiography reports.
Operative Technique
The techniques used to perform AVV repair were chosen by the operating surgeon at the time of the procedure on the basis of operative findings and echocardiography. Three primary techniques have been adopted over the study period. The earliest repairs were performed using a suture annuloplasty (de Vega type). During the intermediate period, repairs were performed using the ''edge-to-edge'' technique. In this procedure, the central facing edges of the superior and inferior bridging leaflets were approximated with interrupted Prolene sutures, creating a double orifice valve. More recently, a bridging strip of expanded polytetrafluoroethylene (ePTFE) (Gore-Tex Inc, Flagstaff, Ariz) was used to facilitate edge-to-edge repair. This technique has been described and illustrated in detail. 9, 10 The central facing parts of the superior and inferior bridging leaflets were approximated with interrupted Prolene sutures. The distance from the base of the inferior bridging leaflet to the base of the superior bridging leaflet was measured. A strip of ePTFE was then cut to size and sutured to the annulus with interrupted ePTFE sutures and to the leaflets using interrupted Prolene stitches. Additional repair techniques including the insertion of ePTFE neochordae and closure of accessory clefts were performed as required, using techniques previously described in detail. 13 
Statistical Methods
All data were analyzed using STATA version 13 (StataCorp LP, College Station, Tex). All continuous data are expressed as mean AE standard deviation unless otherwise specified. Continuous data were compared between groups using the Mann-Whitney U test. Discrete variables were compared between groups using the chi-square test, unless group size was less than 10, in which case the Fisher exact test was used. The degrees of preoperative and postoperative AVVR were compared using the paired 2-tailed Student t test. Time-dependent end points, survival, and freedom from death and transplantation were analyzed using the Kaplan-Meier method, with time commencing at the time of AVV surgery. In addition, a competing risk analysis was performed for survival (with transplantation as a competing risk) and reoperation (with death and transplantation as competing risks). Univariable regression analysis of risk factors for death or reoperation was performed using a Fine and Gray's proportional subhazard model to account for competing risk. The factors entered into the model were age less than 1 year, significant preoperative AVVR, significant AVVR at discharge, AVV surgery before stage II palliation, dominant right ventricle, AVV repair with the ePTFE bridge technique, requirement for permanent pacemaker in the early postoperative period, total anomalous pulmonary venous drainage, edge-to-edge repair technique (including both patients with conventional edge-to-edge repair and ePTFE bridge), ventricular dysfunction, and year of operation (measured in days after the first AVV repair in this series, scaled to years). Factors with moderate evidence against the null hypothesis (P<.10) were entered into a multivariable model. The variables included in the multivariable analysis were significant predischarge AVVR, age less than 1 year, and repair before stage II palliation.
RESULTS

Demographics
A total of 44 patients underwent AVV surgery during the study period (Figure 1 
Mechanism of Regurgitation
It was possible to determine the mechanism of AVV regurgitation for 79.5% of patients (35/44). The mechanisms of AVVR were central regurgitation with annular dilatation (42.9%, 15/35), central regurgitation with leaflet dysplasia (22.9%, 8/35), eccentric regurgitation due to prolapse of 1 or more leaflets (31.4%, 11/35), and eccentric regurgitation due to leaflet restriction (2.9%, 1/35).
Techniques of Repair
The techniques used for AVV repair are summarized in Table 2 . Repair of the AVV was attempted in 97.7% (43/44) of patients. The most commonly used techniques were annuloplasty (31.8%, 14/44) and edge-to-edge repair (54.5%, 24/44), which included facilitation with an ePTFE bridge in 18.2% (8/44). In 2 patients (4.5%, 2/44) who initially underwent annuloplasty, repair was unsuccessful and conversion to mechanical AVV replacement was performed in the same procedure. Direct mechanical valve replacement was performed in 1 patient (2.3%, 1/44). Mean cross-clamp time was 78.6 AE 37.6 minutes, and mean cardiopulmonary bypass time was 159.0 AE 73.7 minutes.
Early Outcomes
Early mortality was 18.2% (8/44). A predischarge transthoracic echocardiogram was performed for 85.4% (35/41) of children who underwent AVV repair. Mild or less AVV regurgitation was recorded in 62.9% (22/35), and 37.1% (13/35) of patients had moderate regurgitation. The mean grade of AVVR in patients who had AVV repair decreased from 3.1 AE 0.4 preoperatively to 2.4 AE 0.9 at discharge (P <.001). Early permanent pacemaker implantation was required in 13.6% (6/44) of patients.
Late Outcomes
Mean follow-up time was 10.6 AE 10.2 years (median, 7.4 years; interquartile range, 2.2-15.4 years). Follow-up was complete for all patients.
The Kaplan-Meier survival function is shown in Figure 2 , A, whereas the competing risk model of survival is shown in Figure 3 , A. Freedom from death and transplantation at 10 years was 66.0% (95% confidence interval [CI], 49.1-78.5) and at 20 years was 53.3% (95% CI, 32.1-70.6).
Kaplan-Meier freedom from AVV reoperation is shown in Figure 2 , B, whereas the competing risk model for freedom from reoperation is shown in Figure 3 , B.
Freedom from AVV reoperation at 10 years was 61.9% (95% CI, 41.9-76.8) and at 20 years was 56.3% (95% CI, 35.3-72.8). A total of 3 patients underwent orthotopic cardiac transplantation, 2 of whom subsequently died at 22 days and 13.9 years after transplantation, respectively. The surviving patient was 1.2 years post-transplantation at the time of the most recent follow-up.
Risk Factors for Death or Transplantation, and Reoperation
The risk factors for death or transplantation, and AVV reoperation are shown in Table 3 . In univariable analysis, age less than 1 year (subhazard ratio [SHR], 10.6; P <.001), having a repair before stage II palliation (HR, 4.5, P ¼ .01), and having moderate or greater AVVR at discharge (SHR, 2.7; P ¼ .001) were predictors of death or transplantation. In multivariable analysis, moderate or greater predischarge AVVR (SHR, 6.4; P ¼ .002), age less than 1 year (HR, 8.3; P ¼ .03), and repair before stage II (SHR, 3.4; P ¼ .04) were associated with a higher risk of death or transplantation. Significant AVVR at discharge was the only risk factor associated with an increased risk of AVV reoperation (SHR, 1.8; P ¼ .03).
Kaplan-Meier curves for freedom from death and transplantation comparing infants with children aged more than 1 year are shown in Figure 4 , A. Freedom from death and transplantation at 5 years was 86.1% (95% CI, 67.0-94.5) in those aged more than 1 year, compared with 19.4% (95% CI, 3.5-45.0) in infants (P <.001). Kaplan-Meier curves for freedom from death and transplantation comparing patients with significant AVVR at discharge with patients who did not have significant AVVR are shown in Figure 4 , B. The 5-year freedom from death and transplantation for the group without significant AVVR at discharge was 78.8% (95% CI, 52.3-91.6), compared with 33.0% (95% CI, 9.2-59.7) for the group with significant AVVR (P < .001). The 5-year freedom from reoperation was 84.4% (95% CI, 58.9-94.7) for the group without significant AVVR at discharge, whereas all patients with significant AVVR had undergone AVV reoperation (P <.001).
Freedom from death and transplantation of children aged more than 1 year comparing those with significant AVVR at discharge with children without significant AVVR is shown in Figure 4 , C. The 5-year freedom from death and transplantation for the group without significant AVVR was 100.0% compared with 50.0% (95% CI, 11.1-80.4) for the group with significant AVVR (P ¼ .003).
Freedom from death and transplantation of infants comparing those with significant AVVR at discharge with children without significant AVVR is shown in Figure 4 , D. The 2-year freedom from death and transplantation for the group without significant AVVR was 71.4% (95% CI, 25.8-92.0), compared with 28.6% (95% CI, 4.1-61.2) for the group with significant AVVR (P ¼ .04).
Outcomes of Atrioventricular Valve Replacement
A total of 8 patients underwent AVV replacement (3 as first AVV operation, 2 as second AVV operation, and 3 as third AVV operation). Kaplan-Meier freedom from death and transplantation is shown in Figure 5 . Freedom from death and transplantation was 75.0% (95% CI, 31.5-93.1) at 10 years. Only 1 of these children was an infant at the Re-replacement was required in 3 patients; in 2 cases this was due to functional stenosis resulting from patient growth (6 and 12 years after replacement, respectively). In 1 patient, re-replacement was required due to thrombosis causing immobility of 1 leaflet, 4 years after implantation.
Reoperations
A total of 14 patients (14/44, 31.8%) underwent an AVV reoperation. The mean time from initial AVV operation to reoperation was 4.1 AE 6.0 years (median, 2.0 years; interquartile range, 0.9-4.3 years).
Of the 14 patients requiring reoperation, 85.7% (12/14) had undergone initial AVV repair, whereas 14.3% patients (2/14) had undergone replacement. The mechanism of AVVR for the patients who underwent initial AVV repair could be determined for 91.7% (11/12) of patients. The mechanism of AVVR was central regurgitation due to annular dilatation (63.6%, 7/11), eccentric regurgitation due to leaflet prolapse (18.2%, 2/11), central regurgitation due to leaflet dysplasia (9.1%, 1/11), and dehiscence of a previous repair (9.1%, 1/11).
The techniques used to perform reoperation are summarized in Table 2 
DISCUSSION
Children with uAVSD who require SVP are challenging to manage, with substantial early mortality and less than 60% survival at 20 years. 2, 3 One of the risk factors for mortality in children with uAVSD is significant AVVR.
2,3
Owens and colleagues 14 described 44 patients with uAVSD who presented between 1998 and 2003, of whom 79.5% (35/44) underwent SVP. Of these patients, 27.3% (12/44) required AVV surgery. The need for AVV surgery was associated with a significantly higher risk of mortality.
Likewise, our group recently published the outcomes of SVP for uAVSD in 139 patients who underwent surgery between 1976 and 2016. 3 In this group, AVVR was associated with a significantly greater risk of death or transplantation.
Furthermore, it has been shown that AVVR is associated with increased risk of mortality in the overall population of patients undergoing SVP. 4, 15 A previous report from our group, which included 499 patients who underwent SVP between 1990 and 2008, identified AVVR as a risk factor for death. 4 Likewise, Pundi and colleagues, 15 in a cohort of 1052 patients who underwent a Fontan procedure between 1973 and 2012 demonstrated that AVV replacement was associated with an increased risk of death.
Achieving a successful repair of the AVV in patients with single-ventricle physiology is challenging, and residual AVVR is known to increase the risk of mortality. 16, 17 However, there are few reports of AVV repair techniques applied in the setting of uAVSD. .04
Bold indicates statistical significance. SHR, Subhazard ratio; CI, confidence interval; RV, right ventricle; ePTFE, expanded polytetrafluoroethylene; AVVR, atrioventricular valve regurgitation; TAPVD, total anomalous pulmonary venous drainage; HR, hazard ratio. *Insufficient number of events precludes analysis.
Misumi and colleagues 11 reported on 38 patients with common AVV and SVP (25 with uAVSD), who required AVV surgery between 1995 and 2012. They demonstrated a 15-year survival of 58.2% and 15-year freedom from reoperation of 45.3%, using an edge-to-edge repair facilitated with an ePTFE bridge. In their cohort, AVV surgery before bidirectional cavopulmonary shunt and the presence of total anomalous pulmonary venous drainage were risk factors for mortality.
Vijarnsorn and colleagues 18 recently reported a cohort of 9 patients with uAVSD and univentricular physiology who underwent AVV repair from 2003 to 2012. In this small study, 66.7% (6/9) of patients had residual moderate or greater AVVR postoperatively. Of the 6 patients with residual moderate AVVR, 50% (3/6) had died at 18 months follow-up. Imai and colleagues 19 reported 28 patients with uAVSD and univentricular physiology who underwent concomitant AVV repair and Fontan procedure between 1985 and 1998. The techniques used in this series were circular suture annuloplasty and cleft closure, and they reported a decrease in the mean grade of AVVR from 1.8 to 0.6 after repair. This study did not describe early mortality or long-term survival of patients who underwent repair of their common AVV. Most importantly, it seems that Imai and colleagues 19 described a subgroup of patients with a more favorable AVV anatomy that permitted survival to Fontan completion. We have previously observed that patients with uAVSD who survive to Fontan completion have favorable outcomes. 3 Kotani and colleagues 16 reported 66 patients with SVP who underwent AVV repair from 1998 to 2011, of whom 10 patients had uAVSD. The mean grade of AVVR decreased from 2.1 to 1.3 after repair. At 5 years follow up, freedom from reoperation was 75%, whereas survival was 76%. Significant residual AVVR on intraoperative echocardiography was associated with increased risk of reoperation.
We have previously described 76 patients who underwent SVP and AVV repair between 1988 and 2010 at The Royal Children's Hospital. Of these patients, 14 had uAVSD. 5 In this group, the AVVR grade decreased from 3.3 to 2.3. Survival at 10 years was 61%, and freedom from reoperation was 56%. AVV surgery between initial palliation and stage II was associated with increased risk of mortality.
Compared with these results, our subgroup of patients with uAVSD had a mean preoperative AVVR grade of 3.1, whereas the mean postoperative degree of AVVR was 2.4. Although we demonstrated a significant improvement in AVVR after repair in patients with uAVSD, the residual degree of AVVR was greater than in the groups described. This is particularly important considering that moderate or greater AVVR at discharge was associated with a significantly higher risk of mortality and reoperation in our patients. Survival at 5 years was 79% in those without significant AVVR at discharge, compared with 33% in those with moderate or greater AVVR. In addition, although 84% of patients with less than moderate AVVR at discharge were free of reoperation at 5 years, all surviving patients with moderate or greater AVVR had required a reoperation over the same period. This suggests that AVV competency is more difficult to achieve in uAVSD compared with other forms of SVP. Furthermore, failure to achieve a satisfactory repair was associated with poor outcomes. Likewise, others have shown that significant postoperative AVVR in patients with SVP was associated with poorer survival and higher rates of reoperation. 16, 17 The risk of leaving residual AVVR must be balanced against the risks associated with AVV replacement. In our unit, there has been a strong preference to repair the AVV because of the perceived risks of AVV replacement in children. However, Jang and colleagues, 12 in a cohort of 33 patients with SVP undergoing AVV surgery, demonstrated that AVV replacement was associated with a significantly lower rate of reoperation when compared with patients undergoing repair. Furthermore, the actuarial survival was 20% greater in the replacement group at 7 years follow-up, although this did not reach significance. Mahle and colleagues 20 in a cohort of 17 children with SVP, who underwent AVV replacement at a mean age of 3 years, demonstrated 5-year survival of 75% in the recent era. In our cohort, the 10-year freedom from death and transplantation after AVV replacement was 75%, which is slightly better than the overall cohort, although direct comparison cannot be made as some of these AVV replacements were performed as a reoperation. Furthermore, it should be noted that only 1 of these patients was an infant. Thus, it may be better to replace the AVV when less than moderate AVVR cannot be achieved with repair, especially because a relatively large prosthesis can be implanted in children with uAVSD due to the common AVV. In the past, we tended to accept moderate AVVR, with close clinical follow-up. However, our data, presented in the current article, indicate that if infants are left with moderate or greater AVVR at the time of discharge from the hospital, they do poorly. Thus, it would be reasonable to replace AVV in these infants.
In addition to significant AVVR at discharge, AVV repair in infancy was associated with a higher risk of mortality in multivariable analysis. Moreover, there was increased mortality when AVV repair was performed before stage II palliation. This would suggest that in patients with uAVSD, earlier surgery is associated with higher risk. Indeed, a similar trend was observed in the overall population with SVP. 5 It is likely that children who required AVV repair earlier had more severe dysplasia of AVV, and this contributed to their poorer outcomes.
Despite the high rate of reoperations for AVVR and the fact that 40% of patients had moderate or greater AVVR, 96% of surviving patients who achieved Fontan completion were in New York Heart Association functional class I or II at most recent follow-up. This is consistent with results previously reported for the general population with univentricular physiology. 3, 21 Given the challenge associated with AVV repair in patients with uAVSD, several techniques have been used. In the early part of the series, de Vega annuloplasty was used for the majority of repairs. However, our group has previously shown that this technique was associated with poor results. 5 The edge-to-edge repair was used in many patients, but likewise has been shown to be an unreliable technique. 8, 9 In more recent years, we used an ePTFE bridge to support edge-to-edge repairs, with the aim of providing apposition of the bridging leaflets and annular stabilization. [8] [9] [10] Because the mechanism of AVVR is most frequently central regurgitation, related to annular dilatation or failure of the bridging leaflets to coapt properly, the PTFE bridge has been developed in an attempt to stabilize the annulus and support the bridging leaflets, while still allowing annular growth. Further follow-up will demonstrate if it is able to achieve this goal.
Study Limitations
This study is limited by its small sample size and retrospective nature. Particularly, the subgroup analysis of survival based on age and degree of AVV regurgitation at discharge were limited by small numbers of patients, and this must be kept in mind when interpreting the results. Furthermore, this study includes operations performed over a 40-year period, during which surgical techniques have changed. Also, ventricular function could not be assessed in all patients because echocardiography was not available in the early part of the study. Nevertheless, this represents the largest series of AVV repairs in patients who have undergone SVP for uAVSD published to date.
CONCLUSIONS
AVV repair in patients with uAVSD who have undergone SVP is associated with a substantial risk of reoperation and mortality. Achieving a competent valve is difficult, but important, because those with significant residual AVVR are at a greater risk of death and reoperation. Infants with residual AVVR represent a particularly high-risk group. When a satisfactory repair cannot be achieved, AVV replacement may be the better strategy.
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